Waste-to-energy options Within a CirCular eConomy strategy in a Developing Country:
1 introDuCtion the disposal of municipal solid waste (msW) in landfills has been identified as the source of various negative environmental impacts, such as air and water pollution due to gas emissions and leachate, respectively, among others [1] , [2] . in Chile, during the last 40 years, the msW generation rate has shown a 4-fold increase due to population growth, fast urbanization and improved material standards. as in most developing countries, this trend is expected to continue as economic policies foster greater industrial investment and increases in domestic consumption.
Currently, msW are landfilled near ever expanding urban areas, leading to growing public concerns, and prompting new control legislation. modern msW management and treatment strategies aim at minimizing the amount of landfilled waste as well as maximising material and energy recovery [3] . up-to-date msW management practises are being promoted in order to maximise waste valorisation, including recycling, and waste-to-energy (Wte), within a circular economy strategy. Due to its significant energy potential and high organic content, msW has attracted increasing interest as a feedstock for fuel and energy production leading to various Wte options. in this respect, a primary alternative is to directly incinerate organic waste in order to produce steam and/or electricity and is by far the most widely applied Wte route [4] , [5] . indeed, more than 1400 incineration plants are reported in operation worldwide, mostly based on fixed bed furnaces featuring low electricity efficiency [5] , [6] .
in recent times, more advanced thermochemical processes, such as pyrolysis and gasification, have been implemented in order to firstly convert msW into secondary energy carriers, and then burn these fuels to produce heat and/or electricity [4] . pyrolysis generates combustible fluids and char, whereas gasification produces gaseous products, that could be burned in appropriate combustion/electricity generation systems such as steam turbines, gas turbines or gas engines [7] [8] [9] . in addition to those thermochemical processes, biological degradation of residual biomass represents a valuable source of energy. indeed, methane emissions from anaerobic bacterial activity in landfills significantly contribute to global warming, representing around 30% of worldwide methane emissions [10] . moreover, recovery and use of such biogas for heat/ electricity production is a well established practise in various countries offering interesting economic advantages [11] [12] [13] .
economic, technical, and environmental considerations ought to be taken into account when designing Wte strategies. Besides, new resource consumption, waste streams, air emissions and effluents may arise when changing from a linear to a circular economy model. therefore, environmental performance of alternative scenarios must take into consideration the complete life cycle to avoid problem shifting. in recent years, life cycle assessment (lCa) has been widely used to identify and evaluate potential environmental benefits and drawbacks of Wte options [2] , [3] , [14] [15] [16] [17] .
nevertheless, the environmental performance of Wte options is highly dependent on energy conversion efficiencies, waste composition, waste pre-treatment, emission controls, seasonal and climatic features, geographical location, lifestyle and living standards, among others. Despite the wide coverage of Wte in the academic literature, there are contradicting views about the environmental attributes of alternative courses of action, and there is still the need for further site-specific data from primary sources, with view to supporting decision making involving Wte within the framework of a circular economy model in developing countries.
recently, a techno-economic assessment on the potential energy that could be derived from msW in Chile was reported, concluding that electricity generation potentials from landfill biogas and direct msW incineration could be around 125 mW e and 250 mW e , respectively, with interesting economic revenues [18] . however, there is no information on the environmental implications of such Wte options under Chilean conditions. in this context, this paper presents a case study of three alternative Wte scenarios, as part of a circular economy strategy, involving electricity and heat generation from msW combustion, gasification, and landfill biogas, at the Bio Bio region in southern Chile.
2 methoDology the iso 14040:2006 and 14.044:2006 standards were used as the methodological framework to conduct this comparative lCa study [19] , [20] .
the study was based on primary msW data, complemented with technical information provided by suppliers of combustion and gasification commercial technologies, environmental reports, questionnaires, interviews, and other primary sources. additionally, data gaps were bridged using literature information and publicly available lCa databases.
msW characterisation
msW was obtained from the Borough of Concepcion landfill (36°45'51"s, 72°57'48"W). this landfill site receives around 240 ton msW /day all year round, mainly from households and commerce. every day, 40 trucks collect garbage from routes serving different kinds of neighbourhoods covering a total population of nearly 250.000 inhabitants, featuring an average msW generation rate around 0.96 kg/person/day.
Collection and classification procedures were carried out according to standard procedures [21] , [22] . samples were obtained from municipal refuse trucks at the landfill entrance yard twice a month. a total of twenty-four non-stratified random samples were collected during 2016, to cover seasonal variations. vehicles for sampling were selected at random every time; each sorting sample weighed 90-110 kg as received, and was properly mixed, coned and quartered from each discharged msW vehicle load, using a front-end loader. after sampling, hand sorting was applied for the classification of msW into three main categories of fuelgrade municipal solid wastes, namely, paper-cardboard, plastic and organic msW. samples were stored in water-proof sealed bags and transported to the environmental engineering laboratory at the university of Concepcion within a 4 h timespan after sampling, for storage and further characterization.
physical-chemical characterization of msW samples was carried out using standard procedures. proximate analysis was carried out following standard procedures, as follows, moisture content [23] , ash [24] , and volatile matter [25] . Calorific values were determined in a parr-6400 automated calorimeter [26] , whereas elemental analysis was performed in a leCo true spec analyzer, according to established standards [27] .
landfill methane, carbon dioxide and other gaseous emissions generated from biological degradation of msW were estimated on the basis of the us-epa landgem model version 3.02 [28] , which uses a first-order decomposition rate equation. site-specific parameters related to landfill design and operational features were kindly provided by the landfill operators.
Definition of goals and scope
the goal of this lCa is to compare the environmental attributes of different Wte alternatives considering an integrated waste management life cycle approach. the study focusses on municipal solid waste generated at the Borough of Concepcion, Bio Bio region in southern Chile, representing a typical medium size urban settlement in developing countries, featuring housing as well as commercial, public services and light manufacturing activities. Currently, the 200,000 m 2 municipal landfill features leachate treatment and water recycling; however, it operates without any material or energy recovery system. alternatives for Wte include biogas capture for electricity generation, biomass incineration and/or gasification. studies have already shown the technical and economic feasibility of such options [4] , [13] , [18] ; therefore, the present work is expected to provide further information on the corresponding environmental attributes based on site-specific conditions. the functional unit, which enables the system inputs/outputs to be quantified and normalised, is 1000 kg of msW as received at the municipal landfill serving the Borough of Concepcion.
the boundaries for the environmental life cycle assessment include waste collection, transport to the waste treatment plant, pre-treatment processes, material recovery for recycling, and heat/power production. Distribution of steam and electricity is not included here. main material and energy supplies are also included, as well as management and disposal of final solid residues from transformation processes.
Data sources
Data were obtained from primary and secondary sources. as mentioned above, 24 msW samples were randomly obtained during a bi-monthly sampling campaign over 2016. Data on msW composition, msW generation rate and garbage transport were obtained from local primary sources, including laboratory analysis of msW samples, environmental monitoring reports, landfill design documentation and operational procedures, and questionnaires/interviews to relevant stakeholders. Data on energy conversion efficiencies, and equipment technical specifications were obtained from technology suppliers. air emissions and water discharges associated to Wte technologies were complemented with data obtained from ecoinvent databases.
environmental impact assessment models
there is a wide range of impact assessment models, including mid-point and end-point approaches [29] . in this study, the updated version of Cml 2 Baseline 2000 v2.05/World, 1990 was used to describe the environmental impacts associated to each Wte scenarios [30] . this includes ten mid-point indicators that account for climate change, natural resources depletion, acidification and eutrophication potentials, toxicity, and emissions to soil, water, and air, among others.
additionally, the eco-indicator 99 end-point impact assessment model was used for comparison's sake. that model considers three end-point indicators related to damage to human health, ecosystem quality, and resources use, each related to a number of impact sub-categories [31] . the software package simapro ™ v.7.3.3 was used to model the systems and calculate environmental impacts, on the basis of primary data complemented with the ecoinvent v. 2.2 database.
2.5 Waste-to-energy scenarios four alternative waste-to-energy scenarios are considered here, as described below.
• Scenario 1: Business as usual (Bau).
all msW are disposed in landfills without any energy and material resource recovery. however, for safety and environmental reasons, 60% of biogas is collected and burnt in torches, whereas the rest are non-point source emission to the atmosphere. leachate are treated by physical-chemical methods and recycled to irrigation of internal green areas and dust roads. the average leachate generation rate in the landfill is 0.1 m 3 /ton msW, and nearly 80% is recycled within the landfill facility. this scenario represents the baseline scenario for most small and medium size landfills in developing countries.
• Scenario 2: sixty percent of generated biogas is recovered and used for electricity generation, using gas engines. surplus electricity is sold to the public electricity network. the biogas Ch 4 and Co 2 contents are assumed 54% and 41%, respectively, on dry mass basis, featuring an energy potential around 1,877 mJ/ton msW. according to design data from an existing project in Chile, the average electricity generation efficiency for this type of generation system is 42% at full load, with an overall biogas consumption around 250 m 3 /mWh. this is a us$ 15 million project, involving 6 x 1.5 mW e gas engine generators (general electric-Jenbacher gmbh&Co model Jms420gs), with a nominal biogas consumption of 4,500 m 3 /h [32] . the system includes biogas pre-treatment with activated carbon. recovery of metals and glass for recycling in the local market.
• Scenario 3: Combustible fractions of msW, namely food and other organic waste, paper and cardboard, and plastics, are incinerated to produce electricity and heat generation. electricity if sold to the public electricity distribution network, whereas glass and metals are recovered and sold in the recycle market. non-combustible residues, including ash and air pollution control (apC) residues, are landfilled. this scenario is based on a 240 ton msW/day movable grate boiler. overheated steam is fed to a steam turbine, providing nearly 12 mW electricity. Cyclones and bag filters are used for pollution control to meet local air emission regulations.
• Scenario 4: Combustible fractions of msW, namely food and other organic waste, paper and cardboard, and plastics, are gasified to produce combustible gases (mainly, Co, Ch 4 and h 2 ) for electricity and heat generation. glass and metals are recovered and sold in the recycle market. msW incineration data is obtained from a 240 ton msW/ day mitsubishi msW gasification system operating at 950°C. gases (mainly Co, h 2 and Ch 4 ) are transferred to a fluidised bed adiabatic combustion chamber at 1100°C. then, hot combustion gases are fed to a recovery boiler that generates 68 ton steam/h, at 45 bar and 400°C. electricity is generated in a steam turbine with a rated output of 12 mW e generation capacity, equipped with air pollution controls, heat recovery and water conditioning. Both, scenarios 3 and 4 include a msW pre-treatment stage involving shredding, screening, sorting, thermal sanitation and drying. thermal sanitation aims at removing pathogens by autoclaving treatment with 120 kg steam/1000 kg msW, at 5 bar and 150°C for 20 min. a rotatory trommel is used to classify materials according to size. these materials undergo further separation processes in order to recover specific fractions. indeed, ferrous metals are separated using electromagnetic separators, whereas non-ferrous materials are separated by eddy (foucault) current separators. in turn, plastic agglomerates are separated using optical separators. a 10% stoichiometric excess air both in the incinerator and in the gas combustion chamber is used here in mass and energy balance calculations. the overall biogenic carbon content in the energy feedstock is assumed 61% mass dry ash free basis.
fuel consumption by msW collection trucks was estimated on the basis of fuel inventory records kindly provided by the landfill operators, yielding a yearly average of 5.4 dm 3 Diesel/ ton msW transported from source to the landfill disposal site. refuse collection lorries were modelled on the basis of 7.5-16 ton lorry, euro4 /rer u from ecoinvent.
in this lCa study, a mass-based cut off point of 2% was established to filter out minor material streams, and the total mass left out could not exceed 10% of total mass. moreover, infrastructure and equipment construction and end-of-life were not considered here. furthermore, chemical inputs included aluminium sulphate, phosphoric acid, and hydrogen peroxide associated to leachate treatment, as well as lubricants, refrigerants, urea, activated carbon and other materials used in thermo-electrical conversion processes. (Cml 2000) and end-point damage indicators (ecoindicator 99). the use of biogas for electricity production (scenario 2) leads to an environmental improvement compared to the baseline scenario 1, due to avoided emissions and fossil fuel consumption as a result of the injection of electricity into the public grid.
in addition to electricity generation, scenarios 3 and 4 include glass and aluminium recycling; therefore, further fresh minerals extraction and energy consumption are avoided due to recycle of those resources.
in the case of Cml 2000 model, the gWp impact category is the main impact associated to landfill operation without energy recovery. abiotic resources depletion related to fossil fuels usage in transport and grid electricity generation comes next, with less than 10% of the gWp effects. moreover, the ecoindicator 99 model predicts that human health damage constitutes the main end-point impact, followed by damage to natural resources. around 90% of human health could be attributed to gas emissions from landfill, whereas the remaining effects are related to fossil fuels consumption in transport and grid electricity generation. injection of electricity to the public grid in scenario 2 results in a positive effect on damage to resources, due to avoided consumption of fossil fuels for electricity generation. gWp is the main mid-point impact category; however, this is somewhat compensated by avoided emissions derived from the injection of electricity to the public grid. additional positive effects due to avoided impacts related to abiotic depletion and acidification, where a net positive impact is attained. human health damage from respiratory inorganics and climate change are the most important end-point impact category, as predicted by the ecoinvent 99 model, followed by damage to natural resources. Damage to resources is fully offset by avoided fossil fuel consumption due to injection of electricity to the public grid. scenario 3 features both energy recovery by incineration of combustible waste, and glass and aluminium recovery for recycling. fresh water aquatic ecotoxicity is drastically reduced when considering the avoided emissions associated to aluminium production. similar offsets could be seen for damage to human health and natural resources, where large offsets are attained in respiratory inorganics, climate change and fossil fuel consumption, due to aluminium recovery and electricity injection to the public grid. the use of gasification technology for electricity generation in scenario 4 yields similar impacts as those observed in scenario 3. however, offsets in human toxicity impact category figure 1: scenario 1: landfill without energy or material recovery. figure 2: scenario 2: landfill with biogas recovery for electricity generation. those positive environmental effects could increase if energy conversion efficiency associated to incineration and gasification are improved. 4 ConClusions this study compares the environmental performance of three alternative Wte scenarios under typical conditions of a mid-sized town in a developing country.
energy recovery, either from biogas or msW incineration or gasification, results in a significant reduction in global warming potential, acidification, human toxicity and abiotic resources impact categories.
the positive contributions of material and energy recovery to overall environmental performance are clearly shown here, particularly in the case of aluminium recycling that results in a direct positive impact on human health, fresh water ecotoxicity and natural resources.
positive impacts due to avoided fossil fuel and mineral consumptions, as a result of electricity injection to the public grid and aluminium recycling, are sufficiently large to generate offsets in various impact categories.
finally, results obtained here highlight the value of life cycle assessment to identify the environmental attributes of Wte alternatives in the context of decision making concerning circular economy scenarios.
